In this paper a novel non-linear optimization problem is formulated to maximize the social welfare in restructured environment with generalized unified power flow controller (GUPFC). This paper presents a methodology to optimally allocate the reactive power by minimizing voltage deviation at load buses and total transmission power losses so as to maximize the social welfare. The conventional active power generation cost function is modified by combining costs of reactive power generated by the generators, shunt capacitors and total power losses to it. The formulated objectives are optimized individually and simultaneously as multi-objective optimization problem, while satisfying equality, in-equality, practical and device operational constraints. A new optimization method, based on two stage initialization and random distribution processes is proposed to test the effectiveness of the proposed approach on IEEE-30 bus system, and the detailed analysis is carried out.
Introduction
The conventional regulated power system is becoming modern deregulated power system by providing open-access and competitive environment. At present, the power system is operating at its maximum limit to satisfy the basic requirements of demand. But the economic concerns are considered for active power generation only. In practice, it is necessary to generate reactive power in an optimal way, to minimize the deviation of voltage at load buses so as to minimize the total power losses in a given system. The reactive power plays an important role to avoid the system from voltage collapse. In this paper, the following rules are considered, to identify the proper device location so as to reduce the number of possible locations. $ It should be located between two PQ buses and there should not be any shunt capacitors. $ It should not be placed in a line where tap changing transformer exists.
The final steady state power injection model of GUPFC is shown in Figure 2 . The coefficient 1.03 represents the converter switching loss factor, where r and γ are respective per unit magnitude and phase angles of the series voltage sources operating within the limits 0 ≤ r ≤ rmax and 0 ≤ γ ≤ γmax. 'B se = 1/X se ' is the susceptance of the series converter transformers.
Power mismatch equations
The power mismatch equations in Newton Raphson (NR) method can be modified by using the following equations. 
Jacobian elements
The Jacobian elements can be modified in the NR iterative process using the following equations (10) where H old is the Jacobian element without device. Similar modifications can be obtained for the remaining elements.
Investment cost
Conventionally, UPFC can be considered as a combination of STATCOM and SSSC. Similarly, GUPFC gives the combined effect of UPFC and SSSC. Hence, the investment cost of GUPFC can be considered as the sum of investment costs of UPFC and SSSC.
ICGUPFC, i-j-k = ICUPFC, i-j + ICSSSC, i-k (11) Investment cost of UPFC [20] (14) where CRF = Capital recovery factor ( ) ( )
'l' is discount rate (6%), 'n' is life time (15 years) of SSSC, and 'η' is the investment cost coefficient (50,000 $/MVA).
Incorporation procedure
The overall computational procedure of Newton-Raphson power flow method with device can be described in the following steps.
Step 1. Read bus data, line data and GUPFC data.
Step 2. Assume flat voltage profile and set iteration count k = 0.
Step 3. Compute active and reactive power mismatch from the scheduled and calculated powers and also GUPFC power injections using Equations (1-4).
Step 4. Determine Jacobian matrix using power flow equations.
Step 5. Modify power mismatch and Jacobian with respective device elements to Incorporate GUPFC in load flow using Equations (5-10).
Step 6. Solve the NR method equations to find the voltage magnitude and angles correction vector.
Step 7. Update the solution using correction vector.
Step 8. Increase the iteration count, k = k + 1 and repeat steps from 5 to 7.
Step 9. Stop the process, if the maximum mismatch is less than given tolerance.
Optimal location
The device installation location will enhance the system security either by minimizing line loadings or bus voltage limit violations under contingency operations. Here the system severity function (F severity ) can be expressed as [22] (15) where N line , N bus are the total number of lines and buses in a given system. S i and max i S are the present and maximum apparent powers of ith line. V j,ref and V j are the nominal voltage and present voltage values at jth bus. 'q' and 'r' are two coefficients used to penalize more or less over loads and voltage violations. These are considered to be equal to 2.
To enhance security of the system under contingencies, GUPFC should be placed in a proper location. Initially contingency analysis is performed by removing single transmission line at a time and identifies total Number of Voltage Violation Buses (NVVB) and total Number of Over Loaded Lines (NOLL). Calculate performance index by adding NVVB and NOLL. Finally the contingency with highest performance index value is identified as most critical one.
Then, this critical line is removed from the system and GUPFC is placed in one of the possible installation locations discussed in section-II, and the severity function (Fseverity) is minimized subjected to satisfy equality, in-equality, practical constraints and device control settings. This process is repeated at all possible installation locations, and finally, identifies the location for placing device which has less severity value for enhancing the system security.
Multi-Objective problem formulation
Many of the optimization problems discussed in the literature is restricted to either of the certain objectives like Generation Cost, power loss and voltage deviations. But in practice it is necessary to optimize these objectives simultaneously by satisfying equality, inequality, practical and device constraints. Hence, it is clear that the effectiveness and efficiency of multiobjective algorithm gives best compromised solution by satisfying constraints on a system. Aggregating all objectives and constraints, the problem can be formulated mathematically as a constrained nonlinear multi-objective optimization problem as follows:
Subjected to g(x, u) = 0; h(x, u) ≤ 0, where 'g' and 'h' are the equality and inequality constraints respectively and 'x' is a control vector of dependent variables like slack bus active power generation ) ( slack , g P , load bus voltage magnitudes ) ( L V and generator reactive powers (Q G ) and vector 'u' consist control variables such as active powers (P G ) and voltages (V G ) of generators, transformer tap ratios (T) and shunt compensation (Q Sh ) and device control parameters. 'J' is the total number of objective functions.
Multi-Objective optimization can have two or more objective functions to be optimized at a time. As a result, there is no unique solution to multi-objective optimization problems, but the aim is to find all possible compromised solutions available in search space (called Pareto front set). The considered objectives are formulated as follows.
Voltage deviation
The voltage deviation at load buses needs to be minimized to optimize the reactive power dispatch problem and can be expressed as (17) where, V i is the voltage at load bus-i, spe i V is the voltage set to be '1 p.u.' and N load is the number of load buses.
Total power loss
In power system, the active power loss should be minimized to enhance power delivery performance and can be calculated using (18) where g i is the conductance of ith line which connects buses i and j. V i ,V j and δ i , δ j are voltage magnitude and angle of ith and jth buses.
Social welfare
While clearing the market price, the cost for the power consumed by the load should be considered. Conventionally, social welfare includes the costs of active power generations and its corresponding loads. This conventional problem is modified by combining costs of reactive power generated by the generators, shunt compensators, and total transmission losses in addition to the cost of active power generated by the generators. This function can be formulated as
The demand side cost function
can be expressed as (20) where, ND is the total number of demands in the system,
are demand side bidding coefficients. Similarly the remaining sub functions are formulated as follows,
Multi-fuel non-convex cost of active power
In practical, generating stations are supplied with different types of fuels like coal, fossil fuel, oil and gas etc to generate electrical power. The formulated multi-fuel active power cost function can be expressed as 
are the active power cost-coefficients of the ith unit with valve-point effects for fuel type k. The cost coefficients for the generators of the test system are given in Table A1 .
Multi-fuel non-convex cost of reactive power
Careful study of literature reveals that, the generators active and reactive cost curves has similar characteristics. However, the cost of reactive power is less compared to that of active power. A new objective function for multi-fuel non convex reactive power cost can be expressed as 
are the reactive power cost-coefficients of the ith unit with valvepoint effects for fuel type k. The reactive cost coefficients for the generators of the test system are given in Table A2 .
Cost of capacitor's reactive power
The reactive power injected by the shunt capacitors affects the bus voltage at which it is connected. The cost of the reactive power should be calculated based on capital investment cost [23, 24] only.
( ) hours Operating
Q t Investment Q C Shi Shi Shi × = cos .(23)
Cost of total active power loss
The system voltage profile and system active power losses are affected by controlling reactive power flow through transmission lines. Generally, the system losses are compensated by slack generator. This cost can be expressed as [25] C(TPL) = λloss H TPL, (24) where, λloss = 20 $/MW-h is the market energy clearing price.
Constraints
The above problem is optimized by satisfying the following equality, in-equality, practical and also device limits.
Equality Constraints
These constraints are typically load flow equations.
In-equality Constraints
Generator bus voltage limits:
Active Power Generation limits: 
Bus voltage magnitude limits:
, where n t total number of taps, n C total number of VAr sources, N load total number of VAr sources.
The above mentioned problem can be generalized using penalty factors as follows: 
Practical constraints

Prohibited Operating Zones (POZ)
In practice when adjusting the output of a generator unit one must avoid the operation in the prohibited zones to increase the performance of a thermal unit during vibrations in the shaft or other machine faults. This feature can be included in the Non-convex economic dispatch problem formulation as follows:
where n i is the number of prohibited zones and k index of prohibited zone of unit-i. 
Ramp-rate constraints
The operating range of the generating units is restricted by their ramp rate limits to operate generators continuously between two adjacent periods forcibly. The inequality constraints due to ramp limits are 
Device limits
The following limits are considered for GUPFC. 
Uniformly distributed two-stage particle swarm optimization
Many programming languages used for simulation of applications needs to generate pseudo random numbers, which are effectively distributed using standard uniform distributions. Uniform distribution is one of the important members in the family of symmetric probability distribution. In this, all distributions have equal probability intervals. This is used to generate random variables between limits 'a' and 'b'. This distribution can be abbreviated as U(a, b) [47].
Initialization
Start the process by setting iteration is equal to zero. In this method, generate control variables uniformly rather than randomly as in existing PSO, between its minimum and maximum limits. In MATLAB environment, we have a flexibility to generate control variables using the following expressions Existing PSO: a + (b-a)*rand(population number, particles number) Proposed UDTPSO: random('unif', a, b, population number, particles number) While in other programming languages, the variables can be generated uniformly by following the uniform distribution procedure given in [48].
Two stage initialization
The first stage of the process is that, update the system data with newly generated control variables and evaluate the objective function and fitness values. The second stage of the process is that, obtaining the pair wise best population using comparison process between previously obtained solutions. The final solutions are treated as local best values. From these solutions, identify global best value. Start the iterative process by calculating dynamic weight and new velocities and update the position of the particles. The chaotic inertia weight [24, 29] is calculated based on the experience of the previous positions and velocities of the particles. Because of this, the iterative process starts with large inertial weight to search global best values and decreases its value as iterations increases to benefit the local best values. Evaluate the function using new position of the particles and update global and local best values. The complete methodology is shown in Figure 3 . 
Fuzzy decision making tool
After solving total Pareto optimal solutions (M) for a given optimization sub problems using Non-dominated sorting UDTPSO, the best compromised optimal settings are chosen by the decision maker. For this purpose, fuzzy decision making tool calculate a linear membership function (: m ) for minimization of objective functions [29, 30] for maximization of objective functions is (27) where W i is the weight value of the ith objective function. Therefore, the best optimal Pareto solution and the corresponding settings are obtained by the proposed algorithm based on the adopted weight factors.
Implementation of proposed approach
The proposed NSUDTPSO algorithm to solve multi-objective problem is described in the following steps:
Step 1: Choose population size 'M' and generate the initial population for UDTPSO with in the control variable bounds, initialize the problem parameters (set iteration count = 0).
Step 2: For each of the individual, perform NR load flow with GUPFC described above using Eqns (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) and evaluate the objective function values using Equations (17) (18) (19) .
Step 3: These solutions constituted as parent solutions.
Step 4: Each solution can be compared with the other solution in the population to find its dominance. Finally, identify different fronts 'Pf'.
Step 5: In order to find the individuals in the next nondominated front, the initial solutions are discounted temporarily and the above procedure is repeated during iteration process. The new solutions are called as off-spring solutions.
Step 6: Perform non-dominated sorting on the combined solutions (parent+off-spring) and identify different fronts 'Pf'.
Step 7: Crowding distance operation [31] is performed on the entire set of solutions in a Pareto front. This operation requires sorting the population according to each objective function value in ascending order of magnitude.
Step 8:
The boundary values are assigned to an infinite distance value for each of the objective function. For the remaining population a distance value equal to the absolute normalized difference in the function values of two adjacent populations is assigned.
Step 9: This calculation is performed for all objectives and for all Pareto fronts.
Step 10: The sorting is performed on a given solutions according to their crowding distances, chose global best value among the top 10 solution in Pareto front and increase the iteration count.
Step 11: From Step 5 to
Step.10 are repeated till maximum iterations reached.
Step 12: Then fuzzy membership values for non-dominated solutions in the Pareto-front are calculated using Equations 25-27 and the final solution have been chosen based on the operator's requirements.
Results and analysis
IEEE-30 bus system with 41 transmission lines is considered [32] [33] [34] [35] . The total control variables in this system are 18, which include active power generation and voltage levels of 6 generators, 4 tap settings of tap-changing transformers and 2 shunt VAr sources.
To analyze the effect of GUPFC on defined objectives, each of the following cases are optimized without and with GUPFC and the corresponding results are tabulated.
Cases 1, 2 and 3 gives the results of voltage deviation (Vdev), total power loss (TPL) and social welfare (SW) objectives individually.
Case 4 analyzes the multi-objective optimization problem when two of the objectives considered together.
Case 5 optimizes the problem, when all three objectives are considered. Initially, the formulated severity function given in Equation 15 is optimized. The optimal location to install GUPFC is identified by performing the procedure described in Section 4. The result of contingency analysis for this system is given in Table 1 . To maintain the continuity either in supplying/receiving the power, the contingency analysis is not performed on lines between buses 9-11, 12-13, and 25-26. Hence, for this system only 38 transmission line contingencies out of 41 are considered. The result of only top 2 contingencies is tabulated.
From Table 3 , it is very clear that, the line connected between buses 2 and 5 is the most critical one. By following the rules given in Section 2, there are 23 possible GUPFC installation locations. Severity function is evaluated in all these locations with GUPFC and the top 5 least severity function valued locations are tabulated in Table. 2 for rank-1 contingency. From Table 2 , it is observed that, first location is the best location for placing the GUPFC, because it has least severity function value. The further analysis is performed by placing device in this location.
The obtained results for cases 1, 2 and 3 are tabulated in Table 3 . From this table it is observed that, while minimizing voltage deviation, the total power losses are increasing and vice-versa. In all these cases, it is proved that, with GUPFC the objective function values are improved. In case 1, 0.011 p.u voltage deviation is reduced with GUPFC, results 0.138 MW increase in TPL and 15.67 $/h decrease in SW. Similarly, in case 2 with the decrease of 0.257 MW TPL results in decrease of SW by 94.083 $/h and increase of Vdev by 0.043 p.u.. In case 3, as the SW is increased by 12.474 $/h and consequently the TPL is decreased by 0.271 MW and Vdev is increased by 0.04 p.u..
The load cost in cases 1 and 2 is 1907.746 $/h as the total active power demand on IEEE-30 bus system is 283.4 MW. In case 3, the total active power demand of 335.0607 MW is served without device and 327.9015 MW with GUPFC. Total generation cost includes the costs of active, reactive, shunt capacitor powers and transmission losses for without device and with device cost is given in Table 3 . The convergence patterns for cases 1 and 2 are shown in Figures 3 and 4 .
From Figures 3 and 4 it is observed that, with GUPFC the iterative process starts with good initial value and reaches final best value in less number of iterations when compared to without device, this is because of the effectiveness of the proposed method. The ramp rates and POZ limits followed by the generators is given in Table 4 . From these tables, it is observed that, better result has been obtained with GUPFC when compared to without device. It is observed that, based on weights assigned to the objectives, the respective function values were selected by the fuzzy decision making tool from the Pareto solutions. The corresponding two dimensional Pareto solutions when two objectives are considered is shown in Figure 5 . From this figure, it is identified that, depending on the maximization or minimization of the objectives, the respective Pareto solutions are selected from the generated solutions.
The obtained result for case 5 is given in Table 8 . From this table it is observed that, based on the weights assigned to objectives the fuzzy decision making tool selects the best values with GUPFC when compared to without device. The corresponding Pareto solution with GUPFC is shown in Figure 6 . From this figure it is observed that the generated solutions confine the entire solution region because of the effectiveness of the proposed algorithm. 
Conclusions
In this paper, we presented a power injection model for a GUPFC and determined the optimal location to enhance the system security by minimizing system severity function. A novel generation cost function was formulated using the multi-fuel costs of active and reactive power generation, along with the costs of shunt compensation and total transmission power losses. A novel optimization algorithm based on uniform distribution of control variables and two stage initialization processes has been presented to solve single objective OPF problems with social welfare, total power losses and voltage deviations as objective functions. The formulated OPF problem has been solved while satisfying system equality, in-equality, practical constraints and device limits. And also, the formulated multi-objective OPF problem to maximize the social welfare by optimally re-dispatching reactive power has been implemented using the proposed non-dominated sorting based UDTPSO algorithm. The obtained results are encouraging and the proposed methodology works independent of the nature of the problem and can be implemented to solve any size of the system for any number of objectives. The complete methodology has been tested on standard IEEE-30 bus system with supporting numerical and as well as graphical results. Table A1 
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